Photoluminescence (PL) properties are reported for a set of m-plane GaN films with Mg doping varied from mid 10 18 cm -3 to well above 10 19 cm -3 . The samples were grown with MOCVD at reduced pressure on low defect density m-plane bulk GaN templates. The sharp line near bandgap bound exciton (BE) spectra observed below 50 K, as well as the broader donor-acceptor pair (DAP) PL bands at 2.9 eV to 3.3 eV give evidence of several Mg related acceptors, similar to the case of c-plane GaN. The dependence of the low temperature BE spectra on excitation intensity as well as the transient decay behavior demonstrate acoustic phonon assisted transfer between the acceptor BE states. The lower energy donor-acceptor pair spectra suggest the presence of deep acceptors, in addition to the two main shallower ones at about 0.23 eV. Similar spectra from Mg-doped GaN nanowires (NWs) grown by MOCVD are also demonstrated and briefly discussed.
INTRODUCTION
Non-polar or semi-polar surface orientations are currently of high interest for development of III-nitride based light emitting diodes (LEDs), since these orientations allow the elimination of the polarization-induced internal electric fields in the quantum wells (QWs) of planar InGaN LED structures 1 . This in turn should provide an increased radiative efficiency of such QW structures, as well as a flexibility in designing the width of the QWs 2 . It is less clear how doping can be controlled for such growth surfaces. It is of basic interest to explore whether the same doping configurations are incorporated in growth on different facets, and also whether the incorporation rates differ. Previous work on non-polar epi-layers shows a high structural defect density in the case of epitaxial growth on foreign substrates 3 . In order to study optical spectra of doped epilayers or QW structures it is then necessary to use samples grown on high quality bulk GaN substrates, to avoid strong interference with spectra caused by stacking fault (SF) defects 4 . This is especially true for photoluminescence (PL) spectra of acceptor-doped layers, where the PL emissions strongly overlap with SF-related spectra in the photon energy range between 3.2 eV and the GaN bandgap.
In this work we have studied Mg-doping in m-plane GaN epi-layers grown by Metal Organic Chemical Vapor Deposition (MOCVD). The PL spectra have been studied as a function of doping concentration and measuring temperature, and compared with previous data on similar c-plane samples. In addition we have studied Mg-doping in regular GaN nano-wire (NW) structures, which have m-plane side facets. The results demonstrate that PL appears to be a useful characterization technique for Mg-doping in such nanostructures. 
Annealing and optical measurements
Each of the planar samples was cut in two pieces, and one piece was furnace annealed for about 10 min at 800° C in flowing N 2 gas. Stationary PL spectra for the planar m-plane samples were measured with cw UV excitation (photon energy of 4.66 eV or 3.81 eV), from 2 K to 300 K. The NW structures were studied with a micro-PL setup, where stationary PL spectra from individual NWs as well as an NW ensemble could be measured between 2 K and 300 K. PL transient measurements were done using femtosecond pulses from a frequency tripled Ti:sapphire laser (76 MHz, 4.66 eV), and detected with a UV sensitive Hamamatsu streak camera with a fast sweep unit. Photon energy (eV)
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compared to c-plane growth 6 . The observed linewidth of the BE lines (< 1 meV) indicate a residual donor density of < about 1×10 17 cm -3 . The doublet line ABE1 is due to Mg contamination in the growth system. It was recently demonstrated that acceptor BEs (ABEs) in wurtzite wide bandgap semiconductors are expected to exhibit several radiative states 7 . Fig. 2 shows low temperature stationary PL spectra in the near bandgap region for sample A. The free exciton (FE) and donor bound exciton (DBE) peaks are weak, as expected for rather heavy Mg-doping. A dominant peak at 3.466 eV is the Mg-related A1 acceptor BE peak (ABE1), the same as observed in Fig. 1 8 . This peak has a low energy wing due to acoustic phonon coupling, common for ABEs in wide bandgap materials. A broad second ABE peak (ABE2) related to acceptor A2 is seen at 3.454 eV 2 , this peak increases superlinearly in intensity with increased excitation. This broad feature shows some structure, a peak at 3.458 eV is observed in the figure. The broad ABE2 peak shows a similar appearance as for c-plane Mg-doped GaN previously studied. The reason for this broadening might be an acoustic phonon assisted transfer process of excitons from ABE1 states to ABE2. The acoustic phonons in GaN cover an energy range up to > 20 meV in GaN 9 . The ABE2 peak shows a strong dependence of excitation intensity (Fig. 2) , possibly related to the hole occupation of A2 (quasi Fermi level position) versus excitation. A weaker peak (X) at 3.444 eV with a low energy acoustic phonon wing completes the near bandgap spectrum. This peak was not observed in our previous studies on Mg-doping in c-plane GaN 8 . A possible explanation of this weak peak could be a deep acceptor bound exciton. There is no strong difference in PL spectra between virgin samples and annealed samples for this series, presumably due to a significant activation of the acceptors during growth and cool down, i. e. the H passivation is largely removed during cooling from the growth temperature. In Fig. 3 is shown a low temperature PL spectrum for sample B in the near bandgap region, before and after anneal. The ABE2 peak is more dominant after anneal, similar to the case of c-plane growth 8 . An interesting observation is the presence a several very strong lines in the spectral range 3.38 eV -3.42 eV. These lines were earlier assigned to discrete donor-acceptor pair lines 10 , which however is inconsistent with the known binding energy of the A1 Mg acceptor 11 . The lines exist in c-plane samples as well, and are likely to be Mg-related. A possible assignment is BEs related to complex Mg-related defects. Fig. 4 shows the PL spectra at 2 K at lower photon energies, in the region of the DAP recombination, for four samples. The structured PL emission with a no-phonon (NP) line at 3.27 eV has been correlated to Mg-acceptors 12 , in our recent work it has been argued that this emission is a fingerprint of the A1 Mg acceptor 8 . The dominant Mg-related 3.27 eV DAP emission with its LO phonon replicas is present in all samples, but broad emission bands at lower energies are dominant for the highest doping (Fig. 4) . This picture is very similar to what has been found for c-plane Mg-doped GaN 13 . Photon energy (eV) Figure 3 Low-temperature (2 K) PL spectra of sample B before and after annealing. Photon energy (eV) Fig. 5 shows an example of the excitation intensity dependence of the PL spectrum in the DAP region for sample D. This sample shows no PL in the near bandgap region at 2 K, consistent with previous work on c-plane Mg-doped samples 8 . Excitonic spectra are not observed at these high doping densities. At low excitation the main PL peak occurs around 3.1 eV (presumably mainly related to the acceptor A2), while at the highest excitation the A1-related 3.27 eV DAP peak is enhanced. This behavior is explained mainly by saturation of DAP emissions involving deeper acceptor states, which have strong phonon coupling and a lower oscillator strength for the DAP emission 11 . It is assumed that the main donors present are shallow O and Si donors 11 . We suggest that the deeper PL emission peaking around 3.0 eV (Fig. 4) is related to DAPs involving deep Mg-related acceptors and shallow donors (in the case of m-plane samples mainly O donors) 11 .
Temperature dependence
Fig . 6 shows near bandgap PL spectra of the lowest doped sample A at some different cryogenic temperatures. The ABE1 and ABE2 features are largely quenched at 40 K, while the weaker 3.444 eV peak survives up to about 50 K. ABEs in GaN are known to be quenching at these low temperatures 5 , the somewhat higher stability of the 3.444 eV peak (X) is consistent with its stronger BE binding energy. The origin of this peak is not identified, it could be related to a deeper Mg-related acceptor than A1 and A2, but it may also be related to a structural defect. This PL feature was not observed in c-plane Mg-doped samples 8, 13, 14 . Figure 6 Temperature dependent PL spectra of sample A in the near bandgap region.
Transient PL data and decay times
In previous work it was determined that the radiative decay time of ABE1 is about 900 ps 5 , as obtained from low doped n-type c-plane samples. For higher doping conditions, as for the Mg-doping in these m-plane samples exciton transfer processes affect the decay times substantially 5, 14 . Fig. 7 shows decays for the ABE region for sample B. The ABE1 shows a non-exponential decay with a fast initial part about 400 ps, and a slower later part. This faster decay is interpreted as evidence of exciton transfer from ABE1 to the lower broad ABE2 spectrum and also to the X-line. The X peak at 3.444 eV clearly has a different longer decay time.
The DAP recombination appearing at lower photon energies in the PL spectra have a much longer decay time, as noted previously for c-plane Mg-doped GaN 8 . In Fig. 8 we show time resolved PL (TRPL) spectra for sample D at 2 K. Initially the 2.27 eV DAP spectrum related to the A1 Mg acceptor dominates, but after several μs delay a broad peak centered at about 3.15 eV dominates, presumably related to the A2 Mg acceptor 8 . There is also a broad signal towards lower photon energies, indicating the presence of deeper acceptors 11 . These TRPL data are very similar to the ones previously obtained for c-plane Mg-doped GaN 8 .
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Mg-doped GaN nanowires
Fig 8 shows NW array PL spectra as well as micro-PL spectra for two single NWs of about 400 nm diameter with Mg doping density estimated as high 10 18 cm -3 and high 10 19 cm -3 , respectively. The NWs were Mg-doped during growth, and the PL mainly originates from the m-plane side facets of the NWs (see Fig 9) . In the low doped sample the 3.27 eV DAP emission dominates, while PL in the highly doped sample is broader and peaks at lower energy. This is similar to the data for the epi-layers in Fig. 4 , and demonstrates the feasibility of controlling Mg-doping in the nanowire growth process. Photon energy (eV) Figure 9 . SEM picture of a GaN nano-wire assembly (left). Micro-PL spectra in the DAP region of similar Mg-doped GaN NW samples (right), taken both for an assembly of NWs (upper part) and single wires (lower part). Spectra for low ( ) as well as high ( ---) Mg doping (see text) are shown.
DISCUSSION
The PL spectra for m-plane Mg-doped samples are essentially very similar to the corresponding ones for c-plane growth 8, 11 . This is expected unless specific defect reactions occur on the m-plane surface during the growth procedure. The incorporation of Mg acceptors in m-plane MOCVD growth has been reported to be somewhat lower than in c-plane growth under comparable growth conditions 6 . This appears consistent with our SIMS data. Under the growth conditions for these samples acceptor activation seems to be largely completed after cool down from growth. The main new spectral feature in the Mg-doped m-plane samples seems to be a weak peak X at 3.444 eV, with an associated acoustic phonon wing. This peak is so far unidentified. The broad spectral features for the 3.454 eV ABE2 PL peak may be understood considering an acoustic phonon assisted transfer of excitons to the ABE2 state, occurring on the same time scale as the ABE recombination. The appearance of the DAP spectra in the range 2.9 eV to 3.3 eV is similar to the corresponding results for the c-plane Mg-doped samples studied earlier 8, 11 . As in c-plane growth there seem to be several Mg-related acceptors present, some are considerably deeper than 0.2 eV, and these are expected to influence the position of the Fermi level in the case of low residual donor concentrations 11 . The PL spectra for Mg-doped NW samples are consistent with the set of planar epi-layers studied, as expected since the m-plane facets are dominating the emission from these NWs.
